In this study, the effect of fly ash characteristics, the content of the fly ash and mix proportion of the Fly Ash-Based Geopolymer Concrete (FBGC) on the bond strength between the FBGC and steel reinforcement were examined. Australian fly ashes from five different sources (Eraring, Mt-Piper, Bayswater, Gladstone and Collie) were used in producing FBGC. A total of 45 FBGC mixes with different fly ash content (300, 400 and 500 kg/m 3 ) and different proportions of alkaline activator were prepared. The use of different fly ashes and in different amounts showed significant differences in the bond strength between the FBGC and steel reinforcement. It was found that the fly ash characteristics including particle size distribution and the content of SiO 2 Al 2 O 3 and CaO influenced the bond strength of the FBGC significantly. The results showed that the FBGC that was mixed with Gladstone (GL) fly ash exhibited the highest average bond strength between the FBGC and steel reinforcement (25 MPa). While the FBGC that was mixed with Bayswater (BW) fly ash showed the lowest average bond strength between the FBGC and steel reinforcement (10 MPa). The results also indicated that the increase in the fly ash content in the FBGC significantly increased the bond strength between the FBGC and steel reinforcement. The bond strength of the FBGC responded differently to changes in the Na 2 SiO 3 /NaOH ratio in the alkaline activator corresponding to the use of different fly ash. ------------------------------------------------------- 
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Introduction 44
Geopolymer concrete is developing as an environmentally friendly alternative to Portland 45 Cement Concrete (PCC). The geopolymer concrete is synthesised by mixing a geopolymer 46 binder (aluminosilicate material and alkaline activator) with aggregate. In general, the 47 geopolymer binder is prepared by mixing an aluminosilicate material (i.e. fly ash and blast 48 furnace slag) with an alkaline activator, i.e. sodium hydroxide (NaOH) and sodium silicate 49 (Na 2 SiO 3 ). The chemical reaction (geopolymerization) between the aluminosilicate material 50 and the alkaline activator forms a three-dimensional inorganic polymer with coherent and 51 adhesive properties [1] . 52
53
The use of fly ash (by-products of coal combustion in power stations) in producing 54 geopolymer concrete is gaining more interest by many researchers across the world. This is 55 because the fly ash is one of the cheapest aluminosilicate materials which is rich in silica 56 (SiO 2 40%-70% by weight) and alumina (Al 2 O 3 15%-30% by weight) [2, 3] . Moreover, the 57 use of fly ash in the geopolymer concrete contributes in reducing the environmental impacts 58 due to disposing fly ash in landfills [4] . However, fly ashes produced from different power 59 stations have different characteristics because of using different fuel types (bituminous and 60 lignite coal) and different techniques in collecting the fly ashes making the fly ash a non-61 standard material [5, 6] . As such, fly ashes from different sources will have different extent of 62 geopolymerization with alkaline activators that affects the properties of the Fly Ash-Based 63
Geopolymer Concrete (FBGC). This is due to the differences in the fly ash characteristics in 64 terms of particle size distribution, amorphous SiO 2 and Al 2 O 3 content and CaO content [7-65 10]. Consequently, using fly ash from different sources in producing FBGC has different 66 performance in structural members. Thus, understanding the factors that affect the 67 that the optimum concentration of NaOH and the optimum AL/FA for ER, MP and BW fly 119 ashes were 16 mole/L and 0.6, respectively. While the optimum NaOH concentration and the 120 optimum AL/FA for GL and CL fly ashes were 12 mole/L and 0.5, respectively. The results 121
showed that fly ash with a high percentage of fine particles and amorphous components (SiO 2  122 and Al 2 O 3 ) such as GL and CL fly ashes required a low dosage of alkaline activator to 123 achieve the highest compressive strength. While ER, MP and BW fly ashes required a high 124 concentration of the NaOH and AL/FA to achieve the highest compressive strength. 125
126
The effect of using an alkaline activator with different content of Na 2 SiO 3 and NaOH on the 127 bond strength between the FBGC and steel reinforcement was investigated. For this aim, the 128 Na 2 SiO 3 and the NaOH were blended into three Na 2 SiO 3 /NaOH weight ratios which are 1.5, 129 2.0 and 2.5. These ranges of the Na 2 SiO 3 /NaOH ratios were used previously in several 130 studies [20] [21] [22] . 131 132
Aggregate 133
Coarse aggregate with a maximum size of 14 mm and specific gravity of 2.6 was utilised in 134 the geopolymer concrete mixes. The coarse aggregate used in this study was crushed basalt 135 aggregate with water absorption of 0.77%. Fine aggregate (< 4.75 mm) with a specific 136 gravity of 2.5 and a fineness modulus of 3.2 was also used in the geopolymer concrete mixes. 137
Both coarse and fine aggregates were used in the saturated surface-dry (SSD) condition. 138 139
Steel bar 140
To investigate the bond behaviour between the geopolymer concrete and steel reinforcement, 141 deformed steel bars with a nominal diameter of 16 mm were used in this study. The nominal 142 tensile strength of the deformed steel bar was 500 MPa. 143
Mixing, casting and curing of the FBGC 144
In this study, mixes of the FBGC were prepared by mixing fly ashes (Type F), alkaline 145 activators (mix of NaOH and Na 2 SiO 3 ), water, fine aggregate and coarse aggregate in 146 different mix proportions. These mixes were divided into five groups according to the source 147 of fly ash, which are ER, MP, BW, GL and CL. Nine mixes of FBGC were prepared for each 148 group. Fly ash in the FBGC groups was blended with Na 2 SiO 3 /NaOH ratios of 1.5, 2.0, and 149 2.5; the mixes of the FBGC in each group were mixed with 300, 400, and 500 kg/m 3 of fly 150 ash. The maximum reduction in the total volume of aggregate due to increasing the fly ash 151 content from 300 to 500 kg/m 3 was 24%. Water was used to control the slump of the FBGC. 152
The fine and coarse aggregates were selected based on the method prescribed in ACI-211.1 153
[23] for normal concrete. The details of the geopolymer concrete mixes are listed in Table 3 . 154
The fly ash and aggregate were dry mixed for three minutes, then the pre-mixed alkaline 155 activator was added and blended for another four minutes. Water was added to the 156 geopolymer concrete mixes to maintain a slump between 80 to 100 mm, after which the 157 mixes were poured into moulds and compacted by a vibrating [26]. During heat curing, the specimens were covered with plastic sheets to prevent loss of 161 moisture. The specimens were then taken out of the moulds and kept at room temperature 162 before being tested. 163
164
The mixes of the FBGC were identified according to the fly ash source, fly ash content and 165 Na 2 SiO 3 /NaOH ratio. The sources of fly ash were labelled ER, MP, BW, GL, and CL, which 166 denotes the Eraring, Mt-Piper, Bayswater, Gladstone and Collie, respectively; while the 167 amount of fly ash was denoted by values of 300, 400 and 500 kg/m 3 . The ratio of 168 Na 2 SiO 3 /NaOH was expressed by the letter R, followed by the ratios (1.5, 2.0, and 2.5). For 169 example, Mix ER500R2.5 refers to geopolymer concrete that was mixed with fly ash from 170
Eraring power station, with 500 kg/m 3 fly ash and Na 2 SiO 3 /NaOH in the ratio of 2. 
where ߬ is the bond strength, F U is the ultimate pull out force, and d is the bar diameter.
Compressive strength tests 190
The 100 
Bond strength 207
The failure mode of pull-out specimens of the FBGC and the effects of test parameters (fly 208 ash type, fly ash content and Na 2 SiO 3 /NaOH ratio) on the bond strength were evaluated. The 209 results of the pull-out test of the FBGC are summarised in Table 3 . 210 The mode of the splitting failure of the FBGC in the pull-out test was influenced by the 231 compressive strength of the FBGC. It was found that increasing the fly ash content in the 232 FBGC promoted the compressive strength of the produced FBGC (see Table 3 
Effect of Na 2 SiO 3 /NaOH ratio on the bond strength of the FBGC 305
The increase of the Na 2 SiO 3 /NaOH ratio in the alkaline activator from 1.5 to 2.5 in the FBGC 306 that were mixed with ER, MP and BW fly ashes fly ashes increased the bond strength 307 between the FBGC and steel reinforcement, as shown in Figure 4 . The increase in the bond 308 strength between the FBGC and steel reinforcement reached 36%, 29%, and 16% for FBGC 309 that were mixed with ER, MP and BW fly ashes, respectively, which is in line with the 310 findings of Sarker [14] . However, Figure 4 shows that an increase in the Na 2 SiO 3 /NaOH ratio 311 from 1.5 to 2.5 caused a considerable reduction in the bond between FBGC and steel 312 reinforcement by 19% and 13% for the FBGC that were mixed with GL and CL fly ashes, 313 respectively. As a result, increasing the Na 2 SiO 3 /NaOH ratio in the FBGC does not show a 314 clear effect on the bond strength of the FBGC due to using different fly ashes that required 315 different optimum Na 2 SiO 3 /NaOH ratios to achieve the highest bond strength of the FBGC. 316
317
The alkaline activator components (Na 2 SiO 3 and NaOH) are mainly composed of the 318 molecules including SiO 2 and Na 2 O in different ratios. In order to understand the effect of the 319 Na 2 SiO 3 /NaOH ratio on the bond strength of the FBGC, relationships between bond strength 320 of the FBGC and the liquid SiO 2 as well as with Na 2 O in the alkaline activator were 321 performed. The relationship between the content of the liquid SiO 2 in the Na 2 SiO 3 , which 322 represents 29.4% by weight, and the bond strength of the FBGC were conducted as shown in 323 results in increasing the reactive silica in geopolymer matrix forming a silicon-rich gel which 326 has compacted and higher mechanical properties [30] . As a result, the higher bond strength of 327 the geopolymer is associated with the higher liquid SiO 2 in the FBGC matrix. 328
In addition, the effect of the total Na 2 O content in alkaline activator components (14% by 329 weight of Na 2 SiO 3 and 28%-35% by weight of NaOH) on the bond strength between the 330 FBGC and steel reinforcement was evaluated. water in the mixes may be attributed to evaporation of the water from the concrete, when 360 curing at high temperature, leaving pores and cavities within geopolymer matrix. In addition, 361 the added water may affect the alkalinity (pH value) of the geopolymer matrix that could lead 362 to reducing the rate of the geopolymerization between fly ash and alkaline activator. 363 364
Compressive strength 365
The results of the compressive strength of the FBGC are summarised in Table 3 The ±95% confidence intervals were calculated by using Eq 6 while ±95% prediction 402 intervals were determined by using Eq 7 [38] . The confidence and prediction intervals at a 403 probability level of ±95% for the power regression line were calculated and plotted along 404 with the relevant best fit line. 405
407 where τ 95% confidence is the 95% confidence interval value of the predicted bond strength, τ 95% 408 prediction is the 95% prediction interval of the predicted bond strength, τ predicted is the predicted 409 bond strength using the developed model in Eq 5, Tables  561   Table 1 Chemical composition of the fly ash samples. 562 Table 2 Details of the mix proportion of the geopolymer mortar. 563 Table 3 
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